generally explain the observed properties, with the exception of the sub-luminous 1991bg-like supernovae 3 . It has long been suspected that the merger of two white dwarfs could give rise to a type Ia event 4, 5 , but hitherto simulations have failed to produce an explosion 6, 7 . Here we report a simulation of the merger of two equal-mass white dwarfs that leads to a sub-luminous explosion, although at the expense of requiring a single common-envelope phase, and component masses of 0.9M [ . The light curve is too broad, but the synthesized spectra, red colour and low expansion velocities are all close to what is observed for sub-luminous 1991bg-like events. Although the mass ratios can be slightly less than one and still produce a sub-luminous event, the masses have to be in the range 0.83M [ Ni, the radioactive decay of which powers the optical display of type Ia supernovae and makes them amongst the most luminous objects in the Universe. This range of 56 Ni masses can be reproduced by explosion models of white dwarfs which have masses at the Chandrasekhar limit 2, 9 . However, 1991bg-like supernovae are characterized 3 by a B-band peak magnitude of about 217 magnitudes (mag), implying 56 Ni masses of only about 0.1M [ (ref. 8) . This subclass must be understood in order to capture theoretically the full range of type Ia supernova diversity. A recent analysis of the spectral evolution of SN 2005bl (ref. 10) , which is representative of the 1991bg-like type Ia supernovae, showed that both iron-group elements and silicon are present over a wide range of radii extending as close to the centre of the ejecta as is accessible observationally. It is difficult to imagine an explosion model in which hydrodynamic processes alone account for as strong a mixing of silicon and iron-group elements as is observed in SN 2005bl. In normal type Ia supernovae the core of the ejecta consists predominantly of iron-group elements, surrounded by a silicon-rich layer. This difference in the characteristic chemical structures indicates a different burning regime realized in the 1991bg-like objects.
Incomplete silicon burning is a natural way of producing a mixture of iron-group elements and silicon. It occurs in low-density carbonoxygen fuel for a narrow window of ash temperatures 11 . Burning significant amounts of stellar material in this regime therefore requires a shallow density profile of the exploding object. Moreover, supersonic propagation of the burning front is required to avoid preexpansion of the material. The model described below satisfies both of these conditions and yields a small 56 Ni mass. In contrast to previous merger simulations 6, 7 that considered white dwarfs of significantly different masses, our model assumes equalmass white dwarfs. Both have a central density of 1.4 3 10 7 g cm 23 , a mass of 0.89M [ , a composition of equal parts by mass of carbon and oxygen and an initial temperature of 5 3 10 5 K. The initial orbit is circular with a period of 28 s. This corresponds to the state when tidal forces deform the white dwarfs sufficiently to make the system unstable (prior evolution is driven by gravitational wave emission and is not simulated). This progenitor system is set up as the initial condition for a simulation using a smoothed-particle-hydrodynamics code 12 . In the initial condition, marginal asymmetries were deliberately introduced, because perfect symmetry is not expected in nature. In this first simulation, we follow the inspiral and subsequent merger of the binary system (Fig. 1) . After two orbits one of the two white dwarfs is disrupted. This unequal evolution of the white dwarfs originates from the symmetry-breaking in the initial conditions. The disrupted white dwarf violently merges with the remaining white dwarf and material is heated by compression. In the hottest regions carbon burning begins and releases additional energy, which further heats the material. A hotspot, which is resolved by several smoothedparticle-hydrodynamics particles, forms with a temperature of 2.9 3 10 9 K in high-density material (3.8 3 10 6 g cm 23 ). Highresolution small-scale simulations 13 show that under such conditions a detonation ignites.
In the second step of our simulation sequence, we impose the triggering of a detonation at the hottest point and follow it with a gridbased hydrodynamics code 14, 15 as it crosses the merged object. The energy release from the nuclear burning in the detonation disrupts the system (see Fig. 1 ). The asymptotic kinetic energy of the ejecta is 1.3 3 10 51 erg. This is comparable to typical explosion energies of standard type Ia supernova models 16 arising from Chandrasekharmass (1.38M [ ) white dwarfs. However, because the total mass of the ejecta is about 1.3 times larger in our model, it has lower velocities on average 17 . Using tracer particles that record the conditions during the explosion phase and a 384-isotope nuclear network 18 , we reconstruct the detailed nucleosynthesis of the explosion in the third step. Because of the low densities in the merged object, the nucleosynthesis primarily proceeds in the regime of incomplete silicon burning. Finally, we use the structure of the ejecta and the detailed chemical abundances to calculate synthetic light curves and spectra using a Monte Carlo radiative transfer code 19 as required to test this model quantitatively against observations. Owing to the small 56 Ni mass synthesized during the nuclear burning, the synthetic light curves (Fig. 2 ) are faint and decline rapidly compared to those of normal type Ia supernovae, despite the large total ejecta mass of our simulation (1.8M [ ). Given that there has been no fine-tuning of the explosion model, the light curves agree remarkably well with those of the 1991bg-like type Ia supernovae, in both absolute magnitude and colour evolution. Moreover, our model naturally predicts the lack of secondary maxima in the near-infrared (J, H and K) light curves, which is a peculiarity of 1991bg-like objects compared to normal type Ia supernovae.
In detail, however, there are some discrepancies between our model light curves and the observational data. Comparing the difference in brightness at B band maximum and 15 days thereafter we find values between 1.4 and 1.7, depending on the line-of-sight. This is less than typically observed for 1991bg-like objects (1.9), but at worst it is similar to the fastest-declining normal type Ia supernovae and substantially faster than for objects which have previously been claimed as possible super-Chandrasekhar explosions (for example, 0.69 for SN 2006gz; ref. 20) . We note that the exact light curve shapes are affected by details of both the nucleosynthesis and the radiative transfer and are thus very sensitive to any systematic shortcomings of the simulations. In particular, necessary approximations in the treatment of the ionization state of the ejecta can influence the decline of the light curves 19 . However, our simulation is only one particular realization of the model, so a closer agreement may be found by exploring the initial parameter space. Figure 3 compares the spectrum of SN 2005bl (a well observed example of 1991bg-like objects) near maximum light to our angleaveraged model spectrum. This illustrates that both the overall flux distribution and the individual spectroscopic features agree remarkably well. Although the features show some variation for different lines of sight these are small and the angle-averaged spectrum is representative. For detailed points of comparison particularly relevant to 1991bg-like events, see the Supplementary Information.
The total mass of the system is essentially a free parameter, except that a mass ratio close to one is required. Our simulation predicts 1991bg-like events for white dwarf masses of about 0.9M [ . Systems of somewhat heavier white dwarfs will synthesize considerably more 56 Ni owing to their higher densities and will therefore lead to much brighter explosions. Conversely, systems of significantly lower mass will not lead to events classified as type Ia supernovae. First, they probably fail to trigger detonations because the hot spots occur at densities that are too low. Moreover, even were a detonation to form, the density of the white dwarf material is too low to synthesize any 56 Ni.
A mass ratio of exactly one is artificial. To be realized in nature, our model must also permit somewhat smaller values. To verify this, we conducted three additional smoothed-particle-hydrodynamics simulations of the merger phase for binary systems with a primary white dwarf mass of M 1 5 0.89M [ and secondary masses of M 2 5 0.87M [ , 0.85M [ and 0.83M [ , respectively. All of these systems show evolution similar to our complete simulation. The secondary white dwarf is disrupted and merges violently with the primary and all simulations ignite carbon burning. Although the hotspots reach temperatures above 2.5 3 10 9 K, the most important difference is that the associated densities are slightly lower. The lowest value (around 3 3 10 6 g cm
23
) is found in the simulation with the least massive secondary. According to the detonation criteria 18 , this is still sufficient to ignite a detonation. It is clear, however, that for substantially smaller mass ratios (M 2 /M 1 ), the ignition of a detonation will fail because the densities at the hotspots are insufficiently high.
Population synthesis studies 21 predict that a range of total masses and mass ratios for merging white dwarf binaries occur naturally. For our model of violent mergers with mass ratios close to one, systems with total mass similar to that in our simulation are the most relevant case for type Ia supernovae. Although lower-mass systems will be more common, they will not lead to a detonation, as discussed above. Thus they will not result in type Ia supernovae, but may be observable as faint short-lived transients. In contrast, more massive mergers will be brighter but much rarer owing to the paucity of high-mass white dwarfs. We used the results of recent population synthesis studies 21 computed with the StarTrack code 22, 23 to predict the expected rate of binary mergers suitable for our model relative to those of other possible type Ia supernova progenitor formation channels. We find that events from our model should occur with a rate of approximately 2-11% of the total type Ia supernova rate. This fraction is consistent with the observed rate of 1991bg-like supernovae.
Observations indicate that sub-luminous type Ia supernovae are expected to arise in old (more than a gigayear) stellar populations 24 . It may seem counterintuitive that the relatively massive (zero-age main-sequence masses of about 4M [ -6M [ ) binaries considered here would produce type Ia supernovae with long delay times, but it is possible provided they undergo only one common-envelope phase and/or begin their evolution on the zero-age main sequence with wide orbital separations. In such situations, more luminous supernovae would arise from white dwarf mergers originating from showing colour-coded density in logarithmic units. The panels illustrate the complete evolution. Starting from a nearly stable orbit (a), dynamic interactions lead to the disruption of one of the white dwarfs (b). In the resulting single object a detonation is triggered (c). The projected location where the detonation starts is marked with a cross. It then propagates through the object (d, e). The white contour shows the position of the detonation shock. Finally, the object becomes gravitationally unbound and reaches free expansion (f). The evolution before the detonation occurs is simulated using the smoothed-particle-hydrodynamics code GADGET2 (ref. 12) with two million particles. At the time the detonation starts (c), the current state of the simulation is mapped onto a uniform Cartesian 512 3 grid to follow the propagation of the detonation adequately 14, 15 . Times are relative to the detonation. Further detailed information regarding the simulations and the codes can be found in the Supplementary Information. more massive progenitors (zero-age main sequence masses of about 6M [ -8M [ ), or from the single degenerate channel.
The use of type Ia supernovae to measure the expansion history of the Universe relies on their homogeneity. The possibility of physically different evolutionary paths leading to type Ia supernovae has therefore been a concern in such studies. We have shown that violent mergers of two massive white dwarfs, even when their total mass exceeds the Chandrasekhar limit, predominantly produce faint events. Therefore, they are not expected to pollute samples of normal type Ia supernovae significantly and can be excluded as a source of systematic errors in cosmological distance measurements. the histograms show ultraviolet-optical-infrared bolometric (UVOIR) and broad-band U,B,V,R,I,J,H and K synthetic light curves of our model, which were obtained using the multi-dimensional Monte Carlo radiative transfer code ARTIS 19 after remapping the explosion ejecta to a 50 3 Cartesian grid. The black histograms show angle-averaged light curves. To indicate the scatter in brightness caused by the model asymmetries, we overplotted four line-of-sight specific light curves (grey histograms). These have been selected from 100 equally sized solid-angle bins such that they represent the full range of the scatter. Time is given relative to B-band maximum, B max . The small-scale fluctuations in the histograms are due to Monte Carlo noise in the simulation, which is largest in the near-infrared bands and at late times in the U band. The region populated by the different lines of sight agrees remarkably well with that populated by the sample of observed 1991bg-like type Ia supernovae shown as red symbols (observations from ref. 25 , and references therein). For SN 1999by, polarization measurements 26 revealed a ,20% degree of asphericity, assuming that the object was observed equatoron. Currently, our radiative transfer simulations do not include polarization, but by extracting the shapes of the surfaces of photon lastscattering we find an upper limit on the asphericity of around 40%. This is consistent with the value obtained for SN 1999by. For comparison, the light curves of normal type Ia supernovae (SN 2005cf 27 as blue circles and SN 2001el 28 as blue diamonds) are also shown. They are much brighter, show a slower decline after maximum light, and distinct secondary maxima in R and redder bands. The same is true for SN 2004eo 29 (shown as green circles) which represents the faint end of normal type Ia supernovae. . The strongest features in the model spectrum are labelled. The nucleosynthesis yields in the regime of incomplete silicon burning depend strongly on the fuel composition, so the detailed spectral features in our model are highly sensitive to the composition of the white dwarfs. This is illustrated by the blue histogram, which shows the spectrum obtained for a model adopting different initial composition (see Supplementary Information for details) . The effect is strongest in the blue-wavelength range, particularly for the Ti II absorption trough between 4,000 Å and 4,400 Å .
